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We propose a method for forming a top distributed Bragg reflector ~DBR! during very-low
temperature ~VLT! molecular-beam epitaxy ~MBE! growth that is independent of the substrate
being used. By varying the arsenic overpressure during VLT MBE, it was determined by Auger
electron spectroscopy and cross-section transmission electron microscopy that alternating layers of
polycrystalline GaAs and amorphous ~Al,As! can be deposited. Because these layers are not single
crystal, they can be grown on any host lattice. After lateral wet oxidation, the polycrystalline GaAs
does not undergo any significant changes; whereas the amorphous ~Al,As! becomes an amorphous
aluminum oxide. An index step of Dn51.88 is realized between these two layers which makes it
possible to fabricate a high efficiency DBR with very few polycrystal-GaAs/amorphous-Al-oxide
pairs on GaAs-, GaP-, or InP-based materials. Using reflectivity measurements, we demonstrate a
five pair GaAs/AlAs-based DBR grown on an InP substrate that reflects wavelengths between 1.4
and 2.3 mm up to 95%. © 1999 American Institute of Physics. @S0003-6951~99!04636-7#Water vapor oxidation of crystalline Al-bearing com-
pound semiconductors is used in many applications for elec-
trical current and optical confinement. For example, vertical
cavity surface emitting lasers ~VCSELs! use oxidized AlAs
or AlGaAs layers for current confinement and for use in
semiconducting distributed Bragg reflectors ~DBRs! in con-
junction with as-grown GaAs.1,2 In fact, VCSELs with
oxide–semiconductor DBRs can achieve submilliampere
threshold currents due to reduced absorption and scattering.3
Furthermore, AlOx based oxide–semiconductor DBRs have
comparable thermal impedances to that of their
semiconductor–semiconductor counterparts.4 However,
AlAs-based oxide–semiconductor DBRs are limited to de-
vices that can be grown on GaAs substrates, because the
AlGaAs layers that are oxidized are lattice matched to GaAs.
In this letter, we propose a method for forming a top DBR
during very-low temperature ~VLT! molecular-beam epitaxy
~MBE! growth that is independent of the substrate.
VLT MBE performed at substrate temperatures near
100 °C, as measured by the substrate thermocouple, has re-
cently been employed to study the material properties of as-
grown and oxidized ~Al,As! and ~Ga,As! layers.5,6 Due to the
amorphous nature of the deposited layers, VLT MBE mate-
rial can be grown on any substrate. However, it has been
shown that deposition on phosphorous-based materials is
preferred, but not necessary, if the sample is to undergo wet
oxidation because GaP acts as an oxidation barrier.5 In this
study, the structural properties of VLT MBE grown ~Al,As!
and ~Ga,As! layers as a function of As overpressure were
investigated for use in DBR applications.
First, we fabricated three samples that consist of a clean
GaP substrate that was allowed to cool to 100 °C after the
desorption of the surface oxides was complete, whereupon
a!Electronic mail: k-cheng@uiuc.edu1370003-6951/99/75(10)/1371/3/$15.00
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP;200 Å of ~Al,As! followed by ;200 Å of ~Ga,As! were
deposited. The samples differed in that they were grown un-
der arsenic overpressures of 831028, 231027, and 5
31027 Torr as supplied by a valved solid-arsenic cracker. In
each case, a featureless-diffuse reflection high-energy elec-
tron diffraction ~RHEED! pattern was observed which is in-
dicative of amorphous material. However, for the 831028
Torr case, a faint ring structure in the RHEED pattern could
also be observed indicating possible polycrystal growth.
The water vapor oxidation was performed in a 2 in. open
tube furnace at 350 °C for 1 h from the top. The water vapor
is carried by N2 gas that is bubbled through water held at
85 °C at a flow rate of 100 sccm. For the fabrication of
DBRs, lateral oxidation was performed under the same con-
ditions. To facilitate the lateral oxidation, 5 mm trenches
spaced 120 mm apart were etched using SiCl4 during reactive
ion etching.
The depth profile of the atomic constituents of the
samples before and after oxidation was analyzed by Auger
electron spectroscopy ~AES!. Cross-sectional transmission
electron microscopy ~XTEM! was used to investigate the mi-
crostructure, and to determine layer thicknesses. The reflec-
tivity spectrum of the DBR was measured by a spectropho-
tometer at a near-normal incident angle of 7°. Using tungsten
and deuterium lamps, the spectrophotometer provides a mea-
surable spectral range of 0.175–3.3 mm. The reflectivity data
was obtained by comparing the reflection from the DBR
sample to the reference beam in a double-beam configura-
tion.
Figure 1 summarizes the typical composition of VLT
as-grown ~Ga,As! and ~Al,As! layers on GaP determined
from AES analysis in a similar manner to Chou et al.6 As the
overpressure during VLT growth increases, more arsenic is
incorporated in the layers as evidenced by the linearly in-
creasing V/III incorporation ratio with respect to overpres-1 © 1999 American Institute of Physics
 license or copyright; see http://apl.aip.org/about/rights_and_permissions
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creasingly greater than one for these layers with increasing
overpressure is because at such a low growth temperature the
arsenic atoms have a near unity sticking coefficient. More
importantly, notice that the microstructure of these layers can
be altered depending on the arsenic overpressure during VLT
deposition. For overpressures near 831028 Torr, the result-
ant ~Al,As! and ~Ga,As! layers are polycrystalline as deter-
mined by XTEM ~not shown!. The different grains of the
polycrystal material show up well but it is difficult to discern
between the two layers which also makes it difficult to de-
termine the actual thicknesses of the as-grown material. In
contrast, the ~Al,As! and ~Ga,As! layers grown under 2
31027 and 531027 Torr arsenic overpressures were deter-
mined to be amorphous based on their featureless micro-
structure seen in XTEM micrographs and diffraction pat-
terns.
The difference in microstructure for these samples is
thought to be due to surface roughening caused by the excess
arsenic that sticks to the substrate at these low growth
temperatures.7 For overpressures near or greater than 2
31027 Torr, enough arsenic is present to roughen the
growth front such that the deposited material is amorphous.
Based on the V/III incorporation ratio data from Fig. 1, and
the microstructure discussed earlier, the amorphous material
is presumed to consist of clusters of arsenic and the appro-
priate group III atom. However, for VLT grown layers de-
posited under a low overpressure near 831028 Torr, their
microstructure is polycrystalline in nature. These layers still
contain excess arsenic, which is most likely caught between
the different crystal grains, as indicated by the incorporation
ratio. Nevertheless, the excess arsenic in this case is appar-
ently not enough of a surplus to induce a transition to an
amorphous phase. On the other hand, at such a low tempera-
ture the adatoms on the growth surface do not have enough
energy to migrate and form single crystal material. Addition-
ally, upon wet oxidation at 350 °C it was found that the
polycrystalline GaAs material did not change its chemistry
since the oxidation temperature was not high enough for a
reaction to take place.8 The amorphous ~Al,As! material,
however, did oxidize but was not exactly Al2O3 as deter-
mined by AES.
FIG. 1. Ratio of the incorporation of group V atoms to group III atoms as a
function of arsenic overpressure during VLT MBE growth as determined by
the analysis of AES data. The samples studied here consist of VLT grown
~Al,As! followed by ~Ga,As! on GaP substrates.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPTo investigate the feasibility of growing DBRs made of
polycrystalline GaAs and oxidized ~Al,As!, their indices of
refraction, n, were determined. By using XTEM and reflec-
tivity measurements, it was found that for polycrystalline
GaAs n53.36 at 1.55 mm, where oxidized amorphous
~Al,As! has an index of refraction of n51.48 at the same
wavelength which corresponds to index step Dn51.88. The
refractive index for polycrystalline GaAs is similar to that of
crystalline GaAs at 1.55 mm which is n53.37.9 However,
the index of refraction for oxidized amorphous ~Al,As! is
lower than the Al oxide prepared by oxidizing crystalline
Al0.98Ga0.02As which is known to be n51.57 at 1.55 mm.10
The difference in the indices of refraction for these oxide
materials is due to the slight difference in composition of the
starting material as well as the differences in composition
after oxidation. Furthermore, it is believed that these two Al
oxides compared here are different phases, which could also
account for the difference in their dielectric responses.
Based on the values of n for the polycrystalline GaAs
and amorphous ~Al,As! oxide, a five pair 1150 Å
polycrystal-GaAs/2870 Å amorphous-Al-oxide DBR de-
signed for peak reflectivity at 1.55 mm was grown on an InP
substrate using VLT MBE. Figure 2 is an XTEM micrograph
of the as-grown and post-oxidation DBR. The DBR was
found to be physically resilient in that no delamination of the
epilayers occurred during XTEM sample preparation, nor
during the processing required for opening trenches for oxi-
dation. Also, the interfaces are not smeared together as is the
case with the sample grown at 831028 Torr on GaP where
the polycrystalline ~Ga,As! and ~Al,As! layers could not be
resolved as being separate. It is important to point out the
200–400 Å thickness increase in the as-grown layers with
respect to the designed thickness which results from the fact
that the designed thickness is based on RHEED intensity
oscillations of single crystal material grown near 580 °C.
The increase in thickness is mostly due to the incorporation
of excess arsenic inherent in VLT MBE. Also, upon oxida-
tion the Al-layer thicknesses typically decrease by about
8%–10% where the polycrystal material does not change
significantly. This volume change due to oxidation was ac-
counted for when designing the thickness of the ~Al,As!
layer. In the future, thickness deviations between designed
FIG. 2. Dark-field XTEM micrographs of the DBR sample ~a! before and
~b! after lateral wet oxidation. Upon oxidation, the polycrystalline GaAs
layer thickness does not change where the amorphous Al oxide is typically
about 8%–10% thinner than its amorphous ~Al,As! precursor. license or copyright; see http://apl.aip.org/about/rights_and_permissions
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growth.11
Figure 3 shows the measured reflectivity from the DBR
along with a simulated curve calculated from the actual layer
thicknesses determined by XTEM. The measured reflectivity
is as high as 95% and spans the same wavelength range as
the simulated curve indicating the indices of refraction of the
DBR constituent materials have been determined accurately.
Furthermore, the measured peak reflectivity is slightly less
than the simulated value, which is believed to be due to
scattering losses from the oxidation trenches.
In summary, a versatile method for fabricating a long
wavelength DBR on InP substrates has been demonstrated
using amorphous Al oxide and polycrystalline GaAs layers
as mirror constituents. Such control over epilayer micro-
structure has been achieved during variable arsenic-
FIG. 3. Measured and simulated reflectivity data of a five pair polycrystal-
GaAs/amorphous-Al-oxide DBR grown on an InP substrate. The simulated
curve is calculated using the actual layer thicknesses determined by XTEM.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPoverpressure VLT MBE with a subsequent wet oxidation
step. Upon oxidation, the polycrystal GaAs (n53.36 at 1.55
mm! does not undergo significant changes, where the amor-
phous ~Al,As! becomes an amorphous Al oxide (n51.48 at
1.55 mm! resulting in an index step of 1.88 between the two
materials. Based on these index of refraction values, a DBR
was designed using these materials and was grown on an InP
substrate resulting in reflectivity as high as 95% in the 1.4–
2.3 mm range.
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